Abstract. Evidence for a recent change in the link between the North Atlantic Oscillation (NAO) and Arctic sea ice export through Fram Strait during wintertime (DJFM) is presented from the analysis of simulated Arctic sea ice and observations for the period 1958-1997. Whereas no correlation between the two time series is found from 1958 to 1977 (r=0.1), the correlation increased significantly thereafter (r=0. 7,[1978][1979][1980][1981][1982][1983][1984][1985][1986][1987][1988][1989][1990][1991][1992][1993][1994][1995][1996][1997]. The increased coherency between the NAO and Arctic sea ice export through Fram Strait during the last two decades resulted from anomalous meridional wind components near Fram Strait which were associated with the more easterly position of the NAO's centers of interannual variability compared to 1958-1977. 
Introduction
Recent studies indicate that the Atlantic thermohaline circulation is sensitive to freshwater intrusions in high latitudes [e.g., Rahmstorf, 1994; Mauritzen and Häkkinen, 1997] . This may have substantial effects on the climate in the North Atlantic region. Sea ice volume flux out of the Arctic through Fram Strait represents a major source of freshwater [Aagaard and Carmack, 1989; Hilmer et al., 1998 ]. The North Atlantic Oscillation (NAO) is the dominant atmospheric mode of variability in the North Atlantic region and describes the simultaneous strengthening (high NAO) and weakening (low NAO) of the Azores High and Icelandic Low of surface pressure [e.g., Hurrell, 1995] . Relatively less is known about its link to the ice volume flux through Fram Strait because of the shortness of observed sea ice time series. Recent studies indicate a high positive correlation between the NAO and estimates of the ice area flux (r=0.66; 1978-1996) [Kwok and Rothrock, 1999] as well as the parameterized ice volume flux (r=0.77; 1976-1996) [Dickson et al., 2000] during wintertime. Estimates of the ice volume flux, however, suffer from sparse ice thickness observations prior to the early 1990s [Vinje et al., 1998 ]. Here, we present evidence that the link between the NAO and Arctic sea ice export through Fram Strait underwent secular changes during the last forty years.
Results
To study the link between the NAO and the Fram Strait ice volume export we used a dynamic-thermodynamic sea ice model forced by a climatological ocean and realistic atmospheric fields of daily near-surface wind speed and air Copyright 2000 by the American Geophysical Union.
Paper number 1999GL010944. 0094-8276/00/1999GL010944$05.00 temperature for the period 1958-1997. Details on the simulation are given in Hilmer et al. [1998] . The modelled sea ice export through Fram Strait is solely a function of the southward drift speed (SDS) and thickness (h) of sea ice in the Fram Strait [e.g., Harder et al., 1998 ]. Sea level pressure (SLP) fields from the NCEP/NCAR reanalysis [Kalnay et al., 1996] and the NAO index are used to determine the link to the atmosphere. Here, the NAO index is defined as the difference between the normalized SLP time series from the Azores and Iceland [Rogers, 1984] . The focus is on the winter season (December-March) when interannual variability of the NAO and Arctic sea ice export are most pronounced.
Time series of modelled and observed sea ice exports through Fram Strait are depicted in Fig. 1 together with the NAO index. The simulated ice area flux is in very good agreement (r=0.88) with satellite-based estimates from Kwok and Rothrock [1999] during the overlapping period [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] . A combination of sea ice drift and thickness measurements provides estimates of the sea ice volume flux [Vinje et al., 1998 ] for the period 1990-1996. Except for the winter 92/93 simulated and observed values are in fair agreement. Mainly SDS and to a lesser extent h contributes to the variability of ice volume flux through Fram Strait; correlations between SDS and h are relatively small (Tab. 1). In agreement with the observational estimates [Kwok and Rothrock, 1999] , the NAO explains about 50% (r 2 · 100) of the ice volume export variability during the period 1978-1997 (P2 hereafter); the moderate correlation between the two time series for the whole period (1958-1997, r=0 .4) may be explained by a missing link during the period 1958-1977 (P1 hereafter)(Tab. 1; Fig. 2 ). Primarily changes in the correlation between the NAO and SDS are responsible for these differences (Tab. 1).
So far, the separation of the whole time series into P1 and P2 is motivated by the comparibility with previous studies. To shed further light onto the time dependence of the link between the NAO and Arctic sea ice export, wavelet co-spectra were estimated (Fig. 3) . In-phase variability between the two time series increased markedly after the late seventies. The same analysis was repeated using Paul wavelets (not shown), which allow for a better resolution in the time domain compared to Morlet wavelets [Torrence and Compo, 1998 ]. Since the gross features of the wavelet co-spectrum are not very sensitive to side effects, the wavelet analysis yields additional support for the separation into P1 and P2.
The anomalous SLP patterns associated with anomalously high modelled ice volume transport through Fram Strait (Fram pattern) for the period 1958-1997 and with the NAO indices for the two subperiods P1 and P2 are shown in Fig. 4 . The Fram pattern (Fig. 4c) is characterized by anomalously low SLP in the Barents Sea, leading to an anomalous southerly flow near Fram Strait and, therefore, to high ice exports through Fram Strait. During P1 the primary center of the northern cell of the NAO was located near the southern tip of Greenland (Fig. 4a) . No anomalous southerly wind component was present near Fram Strait to affect the ice volume flux. Interannual NAO variability intensified in the Barents Sea region and over the Iberian Peninsula during P2, whereas SLP anomalies decreased further westward (Fig. 4b) . This eastward shift of the NAO-related SLP variability led to a pronounced anomalous southerly wind component between Greenland and Spitzbergen and, therefore, to in-phase variability between the NAO index and the ice volume flux through Fram Strait on interannual time scales (Fig. 2,3) . Moreover, this shift affected the ice volume exports through Denmark Strait and Davis Strait: Whereas the time dependence of the link between the NAO and ice export through Denmark Strait (r=0.01 for P1 and r=0.69 for P2) is similar to those for the Fram Strait, the correlation between the NAO and ice export through Davis Strait was much more pronounced during P1 (r=0.63) compared to P2 (r=0.13).
The eastward displacement of the NAO's centers of interannual variability from P1 to P2 is presumably not an artifact due to sampling problems over the Arctic, since the largest differences between the SLP patterns occur close to Scandinavia and Greenland (Fig. 4d) , i.e., over relatively well-sampled areas. We have repeated the same analyses using an updated version of the SLP data set described in Trenberth and Paolino [1980] ; the changes are essentially the same as those shown in Fig. 4d .
Discussion
It is shown that the link between the NAO and simulated Arctic sea ice export through Fram Strait on interannual time scales underwent secular changes during the last four decades. From the data used in this study, however, it can-1960 1965 1970 1975 1980 1985 1990 1995 time [year] 1978-1997 and 1958-1977 . Contour interval is 0.5 hP a. Linear trends were removed prior to the analyses. The standard deviations of the detrended NAO indices for the periods P1 and P2 are nearly equal. not be decided whether the NAO and Arctic sea ice export are significantly related in a long-term context. This question might be addressed by analysing historical SLP data and long integrations of realistic coupled general circulation models (CGCMs).
The observed secular changes in the longitudinal position of the centers of interannual NAO variability raise some questions, which may be of importance well beyond the main topic of this study:
• Did the atmospheric change result from a change in the occupation statistics of fixed modes [Corti et al., 1999] , rather than from a shift in the position of a natural mode of variability (NAO)?
• Are changes in the longitudinal position of the NAO common features of the North Atlantic climate system? Note, that Ulbrich and Christoph [1999] found a northeastward shift of the NAO's northern center of variability under increasing greenhouse gas forcing in a CGCM. This is in contrast to the control integration, where the centers of NAO variability were rather fixed.
• Around the mid-seventies, when the change in the longitudinal position of interannual NAO variability was presumably most pronounced, the NAO changed towards its interdecadal high state [Hurrell, 1995] . Is this connection purely accidental?
• Are there any effects on the North Atlantic ocean and regional climates of the neighbouring continents?
